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Introduction {#s0001}
============

Monoclonal antibodies are important agents for treatment of human disorders and diseases. Although immunoglobulins (IgGs) are the primary format utilized, the modular nature of IgGs has enabled drug developers to reformat antibodies to accommodate the need for therapeutics with customized pharmacological properties. Thus, antibodies with tailored characteristics such as affinity and avidity, valency, serum half-life, biodistribution, tissue penetration, effector functions, and presence of bi- or tri-target binding specificities, have been engineered by modular design or genetic mutation.[@cit0001]

Antigen-binding fragments (Fabs) of antibodies have been approved for therapeutic as well as diagnostic uses, e.g., Reopro®, Lucentis®, Digibind®, Thromboview.[@cit0004] The distinguishing properties of Fabs include small size, monovalent antigen binding, lack of FcR binding, general lack of complex glycosylation and robust biophysical properties. These can confer a clinical advantage over IgG in certain indications. Compared to a ∼150 kDa full length antibody, the small size of a Fab fragment, at ∼50 kDa, results in rapid, large volume biodistribution and high levels of tissue penetration.[@cit0007] Monovalent target binding or lack of FcγR binding minimizes direct and indirect immune activation, respectively, and hence toxicological risk.[@cit0010] In addition, the lack of glycosylation enables the use of diverse production hosts.

Parentally administered Fab has a short serum half-life, typically 7 to 20 hours in humans.[@cit0007] While this may be irrelevant or advantageous in some applications, it invokes impractical dosing regimens in the treatment of chronic disorders. Consequently, approaches to extend the serum half-life of small recombinant therapeutic molecules, including Fabs, to levels similar to that of an IgG have become increasingly important.[@cit0016] One established half-life extension strategy is to increase the hydrodynamic volume of the molecule by coupling to inert polymers such as polyethylene glycol, as reviewed by Chapman,[@cit0018] or other mimetic hydrophilic polymers. Indeed, fusion or conjugation to large disordered peptides has been well validated experimentally and in the clinic.[@cit0018] Another approach is to prolong serum half-life by exploiting neonatal Fc receptor (FcRn)-mediated recycling, as used by endogenous substrates such as IgGs and serum albumin. The therapeutic molecule is fused or coupled to ligands, such as Fc domains or to serum albumin, that bind FcRn directly.[@cit0025]

Alternatively, FcRn recycling can be engaged indirectly by fusion or coupling to a moiety that binds non-covalently to Fc or albumin. Thus, moieties such as IgG-binding domains or albumin-binding moieties, such as organic molecules (AlbuTag), fatty acids (myristic acid), peptides, binding domains from natural sources (Streptococcal protein G) and antibody modular domains (AlbudAbs, nanobodies) have been documented.[@cit0025]

The use of serum albumin as a tool to prolong serum half-life of therapeutic proteins has gained popularity because of the status of serum albumin as a natural delivery vehicle with desirable properties. Albumin is a stable protein, and has been deduced by differential scanning calorimetry to have a Tm of 63.1°C at pH 7.4.[@cit0037] It is an abundant protein (34-54 g/L) that accounts for 65% of total plasma proteins;[@cit0039] in an average 70 kg male, ∼55-65% of albumin is found in the interstitial fluid (14-16 L) with the residual located in the plasma (3 L).[@cit0040]

Albumin has a plasma half-life of 19 d in humans primarily because of FcRn-mediated recycling.[@cit0042] Genetic fusion to albumin or albumin domains is effective in conferring long half-life,[@cit0043] and various therapeutics as albumin fusions have been approved for marketing.[@cit0047] However, expression and purification, and the identification of relevant preclinical models for such fusions, are not straightforward, and this can limit their generic adoption.[@cit0043] The half-life of albumin fusions can be fine-tuned by means of inclusion of mutations that influence FcRn binding.[@cit0048] Non-covalent binding to albumin was shown to confer a long half-life to proteins of interest.[@cit0036] A range of albumin-binding modalities have been demonstrated, including peptides, single antibody domains (dAb, VHH), single chain Fv (scFv), Fab and albumin-binding domains (ABD, 3 helix bundles). The binding approach may be favorable in a number of respects. It can aid facile expression and purification depending upon the specific fusion partner. Effective species cross-reactive albumin binding enables the study of a clinical candidate in animal models without the need for human albumin transgenic animals or production of rodent albumin parallel reagents. With conventional blocking or neutralizing antibody therapy, a fast association rate with a slow dissociation rate is desirable to facilitate prolonged immediate and durable antibody-antigen interaction.[@cit0049] However, in this case, where a therapeutic drug binds to a carrier protein such as albumin, a faster dissociation rate resulting in a more dynamic antibody-albumin interaction may be more appropriate, depending on some targets, and may offer subtly different tissue penetration properties.

Previously, half-life extension of an antibody fragment has been achieved in a bivalent Fab\' (F(ab)~2~) format where a Fab prime (Fab\') directed against rat serum albumin (RSA) was cross linked by in vitro conjugation to an anti-tumor necrosis factor (TNF) Fab\'.[@cit0043] This format proved to be effective in rats, showing a 5-fold longer half-life than an equivalent anti-TNF F(ab)~2~. However, a major obstacle in conjugation methodology is that the resulting products of random chemical conjugation are heterogeneous and require in-depth process development and purification, which have manufacturing and financial implications. By comparison, Dennis and colleagues[@cit0022] pioneered genetic fusion of albumin binding peptides to Fabs. This approach results in a homogenous product but low affinity albumin binding, and non-uniform cross-species reactivity were technical complications.

Here, we describe an alternative bispecific antibody fragment called a Fab-dsFv that was engineered to exploit the modular nature of an IgG with the view to extending the serum half-life of a Fab. The Fab-dsFv consists of a Fab fused to an Fv derived from an anti- human serum albumin (HSA) binding antibody.[@cit0050] The anti-HSA antibody was selected because of its properties, which are essential to facilitate half-life extension via potential albumin recycling by FcRn. The Fv was additionally engineered to contain an inter-domain disulfide (ds) bond in order to optimize biophysical properties. Hence, as a genetic fusion and high affinity, cross reactive albumin-binding molecule, it offers both simplified production and pre-clinical translation properties.

In the Fab-dsFv format, the variable light (VL) and variable heavy (VH) domains of anti-HSA Fv are individually linked to the respective constant light (Cκ) and constant heavy (CH1) domains of the Fab region via peptide linkers ([Fig. 1A](#f0001){ref-type="fig"}). The use of 2 linkers was intentionally adopted to reduce the theoretical risk of loss of extended half-life due to linker peptide proteolysis in serum, as documented with some scFvs or fusions.[@cit0051] Figure 1.Fab-Fv and Fab-dsFv formats and SPR analysis. Panel (A) an illustrative representation of the initial Fab-Fv and final Fab-dsFv format. The Fab-Fv format is composed of a Fab with an inter-chain disulfide bond linked to an anti-HSA Fv domain via 16 amino-acid S(G~4~S)~3~ linkers (brown wavy line). Disulfide bonds are illustrated (red line). The Fab-dsFv format retains the inter-chain disulfide bond between the constant domains and additionally contains a disulfide bond incorporated within the Fv domain at VH~44~ and VL~100~ residues. Panel (B) SPR analysis to measure the affinity of Fab-Fv and Fab-dsFv formats to the normal form of HSA (pH 7.4). The bispecific proteins were captured on the chip using a human F(ab\')~2~-specific goat Fab and HSA (ChromPure) normal form (at pH 7.4) was titrated over the captured antibody from 50 nM. Each assay cycle consisted of 1 min injection to capture the antibody prior to an association phase consisting of a 3 min injection of the albumin; subsequent dissociation was monitored for 10 min. Kinetic parameters were determined by simultaneous global-fitting of the resulting sensorgrams (best fit) to a standard 1:1 binding model using Biacore T200 evaluation software v1.

The Fab-dsFv format was validated using a variety of in vitro and in vivo tests, including effective neutralization of the target antigen in a disease model and long serum half-life in rodents and a primate. The data presented here provide a viable alternative half-life extension technology executed by selection and engineering of the modular domains of an antibody.

Results {#s0002}
=======

Construction and characterization of bispecific antibodies {#s0002-0001}
----------------------------------------------------------

The bispecific format was designed such that the constant regions of a Fab were linked to the anti-albumin Fv domain (645 Fv) derived from the humanized graft of antibody CA645.[@cit0023] This anti-albumin graft was selected for its desirable properties, including binding to albumin across rodent and primate species with similar affinities, the ability to retain binding at a pH ranging from 5 to 7.5 to engage FcRn recycling, and the ability to bind albumin without occluding the binding of known drugs, compounds or FcRn.[@cit0050]

The light and heavy constant chains of an IgG1 isotype Fab were connected to the respective VH and VL domains of the Fv via 16 amino-acid long serine-glycine rich (S(G~4~S)~3~) peptide linkers, as shown in [Fig. 1A](#f0001){ref-type="fig"}. G~4~S-based linkers were selected based on preliminary studies indicating flexible linkers were advantageous in terms of expression (data not shown), and although linker length was observed not to affect affinity of the 645 Fv to HSA, a minimum length of 3 x G~4~S is required for increased monomeric propensity (data not shown). The interchain disulfide bridge between the light and heavy constant domains was retained in the initial Fab-Fv format ([Fig. 1A](#f0001){ref-type="fig"}). The protein was expressed in a mammalian transient expression system and purified by protein G affinity chromatography. The protein was buffer exchanged and concentrated to either a low (∼1 mg/mL) or high (∼5 mg/mL) concentration in phosphate-buffered saline (PBS; pH 7.4) and equilibrated at 4°C for at least 24 h. Size-exclusion HPLC revealed that Fab-Fv existed as monomers at low protein concentration or multimers at high concentration. These multimeric forms appear to be stable while maintained at a high concentration, and only appear to resolve to lower order or monomeric forms following dilution to lower concentrations and a period of equilibration. This suggests that the anti-albumin Fv region is in dynamic equilibrium, and this is concentration-dependent. A variant known as Fab-dsFv was subsequently constructed where a disulfide bridge was introduced between VH~44~ and VL~100~[@cit0057] (Kabat definition) of the respective VH and VL domains of the anti-HSA Fv ([Fig. 1A](#f0001){ref-type="fig"}). Although Fab-dsFv expression still resulted in a combination of monomers, dimers and trimers (data not shown), this strategy solved the issue of concentration-dependent multimerization. The affinity of the 645 Fv for HSA of the monomeric fraction of Fab-dsFv was not affected by the presence of the additional disulfide ([Fig. 1B](#f0001){ref-type="fig"}). Interestingly, isolated fractions of dimeric and trimeric proteins showed avidity of binding to HSA with respect to order of multimerization (data not shown).

Biophysical analysis of bispecific Fab-dsFv {#s0002-0002}
-------------------------------------------

### Sodium dodecyl sulfate-polyacrylamide gel electrophoresis {#s0002-0002-0001}

The presence or lack of particular disulfide bonds resulted in a shift in the apparent molecular weight (MW) when non-reduced and reduced Fab-Fv variants were analyzed by sodium dodecyl sulfate-PAGE (SDS-PAGE). Non-reduced Fab-Fv and its variants were predicted to have a MW of ∼73-74 kDa, with free light and heavy chains at ∼36 and ∼37 kDa, respectively. In all cases however, non-reduced proteins appeared to consistently migrate with dissimilar mobilities. Fab-Fv, which lacks the Fv disulfide ([Fig. 2A, 1](#f0002){ref-type="fig"}), was observed to migrate to ∼97 kDa ([Fig. 2B, lane 1](#f0002){ref-type="fig"}) whereas FabΔinter-dsFv ([Fig. 2A, 2](#f0002){ref-type="fig"}), which lacks the interchain disulfide bond between the constant domains but retains the Fv disulfide bond, demonstrated a further shift to ∼66 kDa ([Fig. 2B, lane 2](#f0002){ref-type="fig"}). Fab-dsFv ([Fig. 2A, 3](#f0002){ref-type="fig"}), which contains both disulfide bonds migrated close to its predicted MW at ∼79 kDa ([Fig. 2B, lane 3](#f0002){ref-type="fig"}). Reduced light and heavy chains of all variants migrated to their predicted MWs at ∼36-37 kDa ([Fig. 2B, lanes 1R, 2R, 3R](#f0002){ref-type="fig"}). Figure 2.Analysis of disulfide Fab-Fv variants. (A) an illustrative representation of disulfide Fab-Fv variants where disulfide bonds are shown in red and S(G~4~S)~3~ linkers in brown lines: (1) the initial format Fab-Fv, contains the inter-chain disulfide bond between the constant domains (2) FabΔinter-dsFv where the inter-chain disulfide bond between the constant domains was removed but a disulfide bond has been introduced within the anti-HSA Fv domain at VH~44~ and VL~100~ residues. (3) The final format Fab-dsFv contains both the inter-chain disulfide bond and the anti-HSA Fv disulfide bond at VH~44~ and VL~100~ residues. (B) SDS-PAGE of purified proteins separated under non-reducing conditions: (1) Fab-Fv (∼3 µg) (2) FabΔinter-dsFv (∼3 µg) (3) Fab-dsFv (∼5 µg) and purified proteins separated under reducing conditions: (1R) Fab-Fv (∼3 µg) (2R) FabΔinter-dsFv (∼3 µg) and (3R) Fab-dsFv (∼5 µg). Novex Mark12 wide-range protein standards were used as markers (lane M). Full length FL; heavy chain H; light chain L; heavy + light chain H^+^ L.

The shift in mobility of non-reduced proteins appears to be dependent on the presence, and position of the disulfide bond(s). Indeed, the presence of intact disulfide bonds and more specifically, the compact nature of some S-S bridged conformations have been shown to affect SDS-PAGE migration rates.[@cit0058] Thus, the Fab-Fv molecule bearing only the interchain disulfide bond appears to be less compact, FabΔinter-dsFv is more compact and Fab-dsFv approaches the predicted MW on SDS-PAGE.

A doublet at ∼36-38 kDa ([Fig. 2B, lane 1-2](#f0002){ref-type="fig"}), consistent with incomplete disulfide bond formation between the light and heavy chains, was also observed on non-reduced gels of 2 of the variants, more significantly for Fab-Fv than FabΔinter-dsFv. Incomplete disulfide bonding appears to be generated during expression (data not shown), and has previously been reported for an IgG-scFv bispecific format, where 18-amino acid long peptide linkers connected to the terminal cysteine residues of the Cκ domains were sufficient to cause incomplete disulfide bond formation between light and heavy chains of an IgG. The addition of an alternative disulfide bond between the VL and VH domains of the IgG appeared to improve the interchain covalent linkage.[@cit0061] Poor disulfide formation was confirmed when 11 amino acid- long S(G~4~S)~2~ peptide linkers were linked to the C-terminal residue of both constant domains of a Fab (data not shown). This suggests that the efficiency of the interchain disulfide bond formation can be disrupted when a polypeptide is extended from either or both C-terminal cysteine residues involved in the interchain disulfide bond process.

### Size-exclusion high performance liquid chromatography {#s0002-0002-0002}

Size-exclusion high performance liquid chromatography (SE HPLC) of minimally purified (protein G affinity chromatography only) Fab-Fv, FabΔinter-dsFv and Fab-dsFv disulfide variants displayed a combination of monomers and higher order species ([Fig. 3A](#f0003){ref-type="fig"}). The monomeric and each of the higher order species appeared to elute similarly during HPLC (indicating similar hydrodynamic volumes) despite showing migration disparities during SDS-PAGE, which we interpret as 'gel-shift' events. The presence of an interchain or Fv disulfide bond appears to affect the degree of multimerization, with Fab-dsFv, which contains both disulfide bonds, being the most monomeric ([Fig. 3A](#f0003){ref-type="fig"}). The total expressed pool of Fab-dsFv consisted of 47.7 ± 14.2% monomer, 19.3 ± 3.1% dimer and 33 ± 13.4% trimer, with the apparent MWs of 79.4 ± 7.5 kDa, 202.6 ± 6.8 kDa and 346.3 ± 21.4 kDa, respectively, based on MW standards and at least 3 replicates. This indicates that both interchain and Fv disulfide bonds are essential for improved properties displayed by the finalized format, the Fab-dsFv molecule. Figure 3.Size exclusion HPLC analysis of disulfide variants and Fab-dsFv. Disulfide variants and Fab-dsFv were purified by Protein G chromatography and prior to analysis. (A) purified Fab-Fv (![](kmab-08-07-1210747-i001.jpg)), FabΔinter-dsFv (![](kmab-08-07-1210747-i002.jpg)) and Fab-dsFv (![](kmab-08-07-1210747-i003.jpg)) proteins (∼20 µg) equilibrated to ∼1 mg/mL were analyzed by size exclusion HPLC on a G3000 and continuously detected at an absorbance of 280 nm. SEC chromatographs were overlayed following normalization. Gel filtration protein standards (Biorad) were also loaded for MW estimations. (B) monomeric Fab-dsFv was isolated by ion exchange chromatography, gel filtration and equilibrated in PBS (pH 7.4). A sample (∼20 µg) was analyzed by size exclusion HPLC on a Superdex 200 and detected continuously at an absorbance at 280 nm. Gel filtration protein standards (Biorad) were also loaded for MW estimations.

The monomeric fraction of Fab-dsFv was isolated by ion exchange chromatography followed by gel filtration and equilibrated in PBS (pH 7.4) prior to analysis by SE HPLC on Superdex 200. The purified material was 100% monomeric with a single peak eluting at 13.7 min ([Fig. 3B](#f0003){ref-type="fig"}). A MW of 86.9 ± 0.8 kDa (from 3 replicates), based on MW standards (not shown) was calculated. No protein loss or proteolytic clipping was detected and this was further confirmed by SDS-PAGE ([Fig. 2B](#f0002){ref-type="fig"}). Monomeric Fab-dsFv was used for all further studies.

### Mass spectrometry {#s0002-0002-0003}

The identity of Fab-dsFv was confirmed by nanoscale liquid chromatography coupled to mass spectrometry (nLC-MS; [Fig. 4](#f0004){ref-type="fig"}). An observed mass of 73616.0 Da was detected for the whole molecule, 3.8 Da (58 ppm) lower than the expected mass (73619.8 Da) as deduced from the amino acid sequence and the expected disulfide bonding pattern ([Table 1](#t0001){ref-type="table"}). This value is within the accuracy specifications of the mass spectrometer. The observed mass is therefore consistent with the expected mass of Fab-dsFv. Figure 4.Intact mass of purified Fab-dsFv by nLC-MS. Purified Fab-dsFv was analyzed by nLC-MS to obtain the intact mass. Main panel: combined mass spectrum showing the m/z envelope of Fab-dsFv ions. Inset panel: De-convoluted mass spectrum produced by MaxEnt algorithm (Waters, USA).

### Isoelectric focusing {#s0002-0002-0004}

A high experimental pI of 9.0 was observed for the Fab-dsFv molecule. This can be advantageous from a manufacturing perspective because it enables efficient DNA, host cell protein and endotoxin removal. The Fab-dsFv molecule was found to be less heterogeneous with respect to acidic and basic species compared with the equivalent Fab\' fragment ([Fig. 5A](#f0005){ref-type="fig"} vs B), with the majority of the sample resolving at pI of 9.0. Mild conditions were used to reduce and alkylate surface accessible thiol adducts, and unlike the Fab\' molecule, under these conditions Fab-dsFv showed no major changes in the overall cIEF profile, indicating the absence of reducible thiol adducts. Figure 5.Isoelectric focusing of Fab-dsFv. The pI of non-reduced (black line) and reduced and alkylated (blue line) of purified (A) Fab\' fragment and (B) Fab-dsFv was determined by iCE280 capillary isoelectric focusing. Samples were mixed with methylcellulose, pharmalytes (pH3-10) and synthetic pI markers prior to separation. For mild reduced and alkylated samples, iodoacetamide was used as the alkylating agent after reduction with Tris(3-hydroxypropyl)phosphine (THPP). Profiles were continuously detected at an absorbance of 280 nm. The pI values of the non-reduced sample are indicated on each graph. Calibrated electropherograms were analyzed using Empower 2 (Waters).

Molecular stability of Fab-dsFv {#s0002-0003}
-------------------------------

### Thermostability following exposure to pH {#s0002-0003-0001}

The FcRn recycling mechanism is known to exhibit optimal activity at acidic pH, and it is thus desirable that the bispecific format exhibits stability at low pH as well as neutral pH. Also, it is essential that the molecule is stable from aggregation at low pH steps that occur during manufacture (affinity purification and viral inactivation). The molecular stability of bispecific proteins in the presence of a pH gradient was measured by determination of the midpoint melting temperature (T~m~). The Thermofluor assay was used to demonstrate whether unfolding transitions of the individual Fab and dsFv domains of the format are affected by pH, and subsequently whether the format is pH stable. The phosphate / citrate buffer system was selected to maintain a pH range between pH 2.6 and pH 7.4. A correction for pH changes due to increasing temperature was not made because this effect is small in the chosen buffer system. Sypro-orange concentrations remained the same throughout the experiment, and therefore Tm data is valid and comparable. The fluorescence intensity across the pH titration did not change in the absence of Fab-dsFv, indicating that Sypro orange was not sensitive to pH (data not shown). A Fab no-hinge variant of Fab-dsFv was used as the reference for the Fab domain. Fab-dsFv showed a typical pH titration profile where 2 transition events, one tracking the unfolding of the Fab no-hinge fragment and a second assumed to be the anti-HSA dsFv, were tracked against pH ([Fig. 6](#f0006){ref-type="fig"}). The Fab and dsFv domains of the bispecific format exhibited good thermal stability above pH 5; the T~m~ of the Fab domain was measured as 84 ± 0.4°C and 82.9 ± 0.4°C at pH 7.4 and pH 5, respectively, comparable to the T~m~ of the Fab no-hinge fragment (84.3 ± 0°C at pH 7.4, 84.9 ±0 .1°C at pH 5). The T~m~ of the dsFv was 74.3 ± 0.4°C and 73.8 ± 0.5°C at pH 7.4 and pH 5, respectively, ∼10°C lower than the Fab domain. By comparison, the dsFv thermal stability value is ∼4 - 5°C above the CH~2~ domain of an IgG1 antibody (pH 7.4), which is generally considered the most stable isotype based on the T~m~ of its CH~2~ and CH~3~ domains.[@cit0062] The thermal stability of both entities could not be resolved below pH 4. Overall, the separate entities of Fab-dsFv appear to be pH stable above pH 5. Indeed, surface plasmon resonance (SPR) analysis indicated that affinity to albumin in the sub-picomolar range was maintained at the pH range (pH 5 to 7) tested.[@cit0050] Figure 6.Thermostability of Fab-dsFv following exposure to pH. A thermofluor assay was used to determine the midpoint melting temperature (T~m~) transition states of the individual Fab (![](kmab-08-07-1210747-i004.jpg)) and dsFv domains (![](kmab-08-07-1210747-i005.jpg)) of the Fab-dsFv format at a pH range of pH 2.6 to pH 7.6 (0.2 increments). The corresponding Fab no hinge (![](kmab-08-07-1210747-i006.jpg)) was used as a control. Purified protein samples in PBS pH7.4 were mixed with SYPRO® Orange dye in quadruplicate and thermocycled (peltier-based) in a 7900HT Fast Real-Time PCR System (Agilent) from 20°C to 99°C (1.1°C/min ramp rate). A charge-coupled device (CCD) was used to measure fluorescence changes. The intensity increases in fluorescence were plotted and the inflection point of the slope(s) was used to generate the T~m~ at each pH. The T~m~ of each domain and Fab no hinge was plotted against pH. Standard deviation was calculated at each point and plotted as error bars.

### Resistance to aggregation {#s0002-0003-0002}

As a novel format, it is important that the antibody is stable in terms of minimal degradation or formation of high MW species while under mechanical stress, e.g., ultrafiltration steps during manufacture.[@cit0063] Purified Fab-dsFv in PBS (pH 7.4) was vortexed at 1,400 rpm at 25°C for up to 120 hours. A corresponding Fab no hinge fragment and an IgG4 antibody were used as benchmark controls. At each time point, the samples were centrifuged briefly, mixed to resuspend any pellet and the absorbance at 595 nm was obtained. At the same time, a 10 µL aliquot was removed from each replicate for storage at −20°C for subsequent SDS-PAGE analysis. Fab-dsFv demonstrated a similar aggregation profile to the Fab, where minimal aggregation (\<0.1 A~595~) was observed at the 120 h time point ([Fig. 7A](#f0007){ref-type="fig"}). In comparison to the full-length IgG4, which typically exhibited a greater propensity to aggregate under these conditions, aggregation of Fab-dsFv was negligible. Prior to SDS-PAGE analysis, samples were thawed, centrifuged and re-suspended in Tris-Glycine SDS-PAGE loading gel buffer for gel analysis. A volume equivalent to ∼2 µg of protein was loaded per track. Fab-dsFv samples showed that there was no degradation or appearance of protein fragments at any time point compared to the untreated control ([Fig. 7B](#f0007){ref-type="fig"}). Thus, the Fab-dsFv antibody was found to be resistant to aggregation and degradation when stressed by agitation over 5 d. Figure 7.Fab-dsFv resistance to aggregation. Analysis of Fab-dsFv Fab (no hinge) fragment and IgG4 in a vortexing aggregation assay. (A) Purified protein at 1 mg/mL was vortexed at 1400 rpm for over 120 h in PBS (pH 7.4) at 25°C. Samples were taken at 0, 1.5, 3, 24, 48 and 120 h and the absorbance at 595 nm was measured and plotted against time: Fab-dsFv (![](kmab-08-07-1210747-i007.jpg)) Fab (no hinge) fragment (![](kmab-08-07-1210747-i008.jpg)) and IgG4 (![](kmab-08-07-1210747-i009.jpg)). (B) non-reducing SDS-PAGE of untreated and vortex-treated Fab-dsFv samples (∼2 µg per lane) taken at various time points where 1) untreated protein control (stored at 4°C in PBS, pH 7.4) 2) protein incubated at 48 h statically at 25°C and post-vortexing samples taken at 3) 3 h, 4) 9 h, 5) 24 h and 6) 48 h. Novex Mark12 wide-range protein standards were used as markers (M). Standard deviation was calculated at each point and plotted as error bars.

Long term stability of Fab-dsFv {#s0002-0004}
-------------------------------

Long-term stability of highly purified Fab-dsFv was assessed by incubating the antibody at 10 mg/mL in PBS (pH 7.4) at 4°C for 28 months. At intervals of 0, 10, 18 and 28 months, samples (∼20 µg) were analyzed by SE HPLC on Superdex 200. [Fig. 8A](#f0008){ref-type="fig"} shows the SE chromatograms at the start (time zero) and at the end (28 months) of the experiment. At time zero ([Fig. 8A, 1](#f0008){ref-type="fig"}), a single peak eluting at 13.7 min and corresponding to monomer with a MW of 86.9 ± 0.8 kDa, based on MW standards (not shown), was observed. Over the course of 28 months, an aberration to the baseline was detected, cumulating in the resolution of a minor peak eluting at 11.7 min at the end of the time course ([Fig. 8A, 2](#f0008){ref-type="fig"}). Based on MW standards, this peak had a MW of 206.3 ± 1.0 kDa, corresponding to a dimer, and was practically indiscernible on the chromatogram ([Fig. 8A, 2--3](#f0008){ref-type="fig"}), with \< 0.2 µg of the total 20 µg load or \< 1%, resolving as a dimer after 28 months at 4°C ([Fig. 8B](#f0008){ref-type="fig"}). Aggregates, higher order species or clipped species were not detected. Thus, the Fab-dsFv molecule was shown to be \> 99% monomeric over this storage period. The % rate of dimer formation of 0.029%/month was calculated from the slope of a plot of % HMW species against time ([Fig. 8C](#f0008){ref-type="fig"}), confirming that the Fab-dsFv molecule is stable for long-term storage in this formulation. Figure 8.Long-term stability of Fab-dsFv. Purified Fab-dsFv (n = 1) at 10 mg/mL in PBS (pH 7.4) was incubated at 4°C for 27 months. At ∼9 monthly intervals the sample was mixed and an aliquot (∼20 µg) was analyzed by SE HPLC on Superdex 200. (A) elution of Fab-dsFv at 1) the start of the experiment and 2) at the end of the experiment at 18 months, where 3) shows the zoomed profile of the peak corresponding to dimer. (B) the amount of HMW species (![](kmab-08-07-1210747-i010.jpg)) and monomer (![](kmab-08-07-1210747-i011.jpg)) in the sample was calculated as 1) µg protein at each time point and 2)% HMW species and % monomer was plotted against time (months). (C) the % rate of HMW (dimer) formation (%/month) was calculated from the slope of a plot of % HMW species against time (months).

### Independent and simultaneous binding of Fab-dsFv to the Fab antigen and serum albumin {#s0002-0004-0001}

SPR binding assays were utilized to monitor the independent or simultaneous binding of Fab-dsFv to the Fab antigen or serum albumin. No difference in affinity or on- or off- rates was observed between the Fab (45.9 pM) or Fab-dsFv (40.8 pM) binding to the target antigen ([Table 2A](#t0002){ref-type="table"}). Similarly, binding of Fab-dsFv to serum albumin across species was similar with HSA at 2.93 ± 0.52 nM, mouse serum albumin (MSA) at 4.16 ± 0.13 nM and cynomolgus serum albumin (CSA) at 2.66 ± 0.18 nM ([Table 2B](#t0002){ref-type="table"}). Equally, on- and off rates of binding to albumin were within an acceptable range between species.Table 2.Independent and simultaneous binding SPR kinetics and affinity of Fab-dsFv for the target antigen and serum albumin. The binding affinities and kinetic parameters for the interactions of antibodies were determined by SPR with HBS-EB buffer (pH 7.4) as the running buffer at 25°C. The antibody samples were captured to the sensor chip surface via a human F(ab\')~2~-specific goat Fab. A) Binding kinetics and affinity (KD) of captured Fab or Fab-dsFv to the target antigen. Values are the arithmetic mean and standard deviation (s.d) was determined from four independent titrations. B) Binding kinetics and affinity (KD) of captured Fab-dsFv to HSA (normal form at pH 7.4) MSA or CSA. Values are the arithmetic mean and s.d was determined from three independent titrations. For both A) and B) the association rate (k~on~) was determined by a 3 min injection of the target antigen or albumin over captured antibody after which dissociation rate (k~off~) was monitored for 30 min for the target antigen and 10 min for albumin. C) Simultaneous binding of captured Fab-dsFv to the target antigen HSA or a mixed solution of target antigen and HSA. The k~on~ rate was determined by injecting HSA the target ligand or a mixed solution of both HSA and the target antigen over the captured antibody for 3 min. The k~off~ rate was monitored for 30 min. Kinetic parameters were determined by simultaneous global-fitting of the resulting sensorgrams to a standard 1:1 binding model using Biacore T200 evaluation software v1. The affinity (KD) was calculated from the k~off~ and k~on~ rates.AAnalyteAntigenk~on~(x10^5^ 1/Ms)k~off~ (x 10^−5^ 1/s)[^a^](#t1fn0001){ref-type="fn"}K~D~ (pM)[^a^](#t1fn0001){ref-type="fn"}Fab fragmentTarget antigen2.18 (± 0.38)1.0045.9Fab-dsFvTarget antigen2.55 (± 0.35)1.0440.8[^3]BAnalyteAntigenk~on~ (x10^4^ 1/Ms)k~off~ (x10^−4^ 1/s)K~D~ (nM)Fab-dsFvHSA[^1^](#t1fn0002){ref-type="fn"}5.85 (± 0.54)1.69 (± 0.16)2.93 (± 0.52)Fab-dsFvMSA^2^8.86 (± 0.11)3.68 (± 0.09)4.16 (± 0.13)Fab-dsFvCSA^3^7.10 (± 1.16)1.89 (± 0.17)2.66 (± 0.18)[^4]CAnalyteBinding (RU)Target antigen9HSA25Target antigen + HSA35 Table 1.Protein Identification of Fab-dsFv by mass spectrometry. The Observed mass \[M\] of the whole protein was detected by nLC-MS.[^1^](#t2fn0001){ref-type="fn"} The theoretical mass of the light and heavy chains, and the resulting mass of the intact molecule was calculated from the amino acid sequence of Fab-dsFv using the ExPASy Compute pI/Mw tool http://web.expasy.org/compute_pi/. [^2^](#t2fn0002){ref-type="fn"} The expected mass was calculated with respect to the number of H^+^ derived from the disulfide bonding pattern: each chain of Fab-dsFv contains 3 intra-domain disulfide bonds, in addition to the inter-chain disulfide between light and heavy chain, and the disulfide bond between the VL and VH domains of the anti HSA-Fv. All masses are presented as Da units. Amino acidsTheoretical mass[^1^](#t2fn0001){ref-type="fn"}Expected mass \[M\][^2^](#t2fn0002){ref-type="fn"}Observed mass \[M\]Light chain34136300.236294.1 Heavy chain35737335.837329.7 Intact Fab-dsFv69873636.073619.873616.0[^5][^6]

The simultaneous binding of the target antigen and HSA to Fab-dsFv was assessed. The bispecific protein was first captured to a BIAcore sensor chip by immobilized anti-human F(ab\').[@cit0002] In preliminary experiments, the order in which ligands were titrated (HSA followed by the target antigen, or vice versa) was found to be not relevant, and use of a mixed solution of both ligands was comparable and valid. Subsequently, the target antigen (25 nM) alone, HSA (50 nM) alone or a combined solution of the target antigen and HSA, were titrated over the captured Fab-dsFv antibody. The binding responses for all 3 experiments were measured; the results are shown in [Table 2C](#t0002){ref-type="table"}. The binding response for the combined target antigen/HSA solution was shown to be equivalent to the sum of the responses of the independent injections. This confirms that Fab-dsFv is capable of simultaneous binding of both antigens.

### Mouse pharmacokinetics {#s0002-0004-0002}

The serum half-life of Fab-dsFv was first established in BALB/c mice dosed by a single subcutaneous (s.c.) or intravenous (i.v.) injection at 10 mg/kg and measured in blood sera taken at various time points over 168 h. A non-half-life extended F(ab\')~2~, a Fab-dsFvB, where dsFvB is an unrelated, non-albumin-binding dsFv, and a PEGylated Fab\' against the target ligand (Fab\'-PEG) were used as controls. Fab-dsFv showed more durable serum exposure compared to the F(ab\')~2~ or Fab-dsFvB, when i.v. administered ([Fig. 9](#f0009){ref-type="fig"}). A 20-fold lower clearance rate (CL) at 1.3 ± 0.1 mL/h/kg was observed for Fab-dsFv compared to 29.5 ± 2.7 mL/h/kg and 22.9 ± 0.1 mL/h/kg for F(ab\')~2~ and Fab-dsFv, respectively. Accordingly, Fab-dsFv showed a 16-fold and 34-fold longer serum half-life of 62 ± 4 h compared to 4 ± 0.3 h for F(ab\')~2~ and 1.8 ± 0.1 h for Fab-dsFvB. Interestingly, Fab-dsFv showed similar CL at 1.3 ± mL/h/kg compared to 2.6 ± 0.1 mL/h/kg for Fab\'-PEG, with half-lives at 62 ± 4 h and 65 ± 5 h, respectively. Comparable observations also were made when these molecules were administered via the s.c. route, indicating that Fab-dsFv has similar overall pharmacokinetics (PK) properties to Fab\'-PEG. Figure 9.Pharmacokinetics of Fab-dsFv in BALB/C mice. Fab-dsFv at a single dose of 10 mg/kg was administered via the i.v (![](kmab-08-07-1210747-i012.jpg)) or the s.c (![](kmab-08-07-1210747-i013.jpg)) routes into BALB/C mice. F(ab\')~2~ (![](kmab-08-07-1210747-i014.jpg)), Fab-dsFvB (![](kmab-08-07-1210747-i015.jpg)) and Fab\'-PEG (![](kmab-08-07-1210747-i016.jpg)) were administered via the intravenous route and used as controls. Fab\'-PEG (![](kmab-08-07-1210747-i017.jpg)) was also administered subcutaneously. At 0.25, 1, 8, 24, 48, 72, 96 and 167 h post- dose time points, sera was collected from the tail vein and analyzed for the antibody by sandwich ELISA. PK parameters (CL rates and serum half-life) were calculated from the final dataset using Phoenix WinNonlin 6.2 (Pharsight). Standard deviation at each point was calculated to be \<0.24 of the mean.

### Cynomolgus monkey pharmacokinetics {#s0002-0004-0003}

To better understand the PK of Fab-dsFv, healthy cynomolgus monkeys (2 males and 2 females per group) received i.v. (bolus, 2 mL/kg) doses of 30, 3 and 0.3 mg/kg of Fab-dsFv. The effect of Fab-dsFv on serum albumin levels was assessed at multiple time points during the first week, and then every other week to determine that the binding of the Fv domain to albumin did not adversely affect albumin levels in vivo.

The bispecific antibody was well tolerated, with no clinical signs, no effects on body weight, hematology or clinical pathology parameters. [Fig. 10](#f0010){ref-type="fig"} shows the mean PK profile of the Fab-dsFv antibody in the plasma of animals up to 56 d as measured using a Meso-Scale Discovery detection assay. No change in serum albumin levels was observed due to administration of Fab-dsFv as a single i.v. dose at 30, 3 or 0.3 mg/kg (data not shown). At both lower doses, inter-animal variation was observed within the sample population. Because the sample size was small and statistical variation large, data from the 2 groups where LLOQ \<0.03 or n \< 3 were not reported. Further tests to establish the cause of the variation were not performed, although it should be noted that inter-animal variation associated with low dose regimens of biologics in cynomolgus monkeys is frequently reported.[@cit0064] The 30 mg/kg dose group displayed relatively small variation and a mean clearance rate of 3.49 ± 0.21 mL/day/kg was observed. The mean half-life of this group was calculated to be 7.87 d. Figure 10.Pharmacokinetics of Fab-dsFv in cynomolgus monkey. The presence of Fab-dsFv in diluted plasma samples was measured at multiple time points and detected in a MSD immunoassay. Six male and 6 female cynomolgus monkeys were allocated to 3 treatment groups (2 per sex per group) and received 1 i.v. dose of Fab-dsFv at 0.3 (![](kmab-08-07-1210747-i018.jpg)), 3 (![](kmab-08-07-1210747-i019.jpg)) or 30 mg/kg (![](kmab-08-07-1210747-i020.jpg)). Blood samples were taken at pre-dose and at post- dose at the following time points: 5 min, 1 h, 6 h, 12 h, 24 h, 48 h, 72 h, 96 h, 7 days, 14 days, 21 days, 28 days, 35 days, 42 days, 49 d and 56 d. Serum samples were analyzed for Fab-dsFv concentration by MSD immunoassay where the antibody drug was captured by an in-house biotin conjugate of the target antigen and the resulting complex was captured on a streptavidin-coated MSD plate. An anti-human kappa antibody (Stratech) conjugated to a MSD SULFO-TAG™(Meso Scale Diagnostics,) was used as the secondary detection reagent. Chemiluminescent detection was completed by adding a MSD read buffer to the wells resulting in light emission on reaction with the bound SULFO-TAG™. The light emitted was detected by a MSD sector imager 6000 system (Meso Scale Diagnostics). Fab-dsFv concentrations were calculated using the light signal as a proportional value to the amount of bound Fab-dsFv. Data with a LLOQ \<0.03 or where n \< 3 was not reported. Standard deviation was calculated at valid points and plotted as error bars. PK parameters were calculated from the final data set using Phoenix WinNonlin 6.2 (Pharsight). This study was carried out by Charles River Laboratories Edinburgh.

### Allometric scaling {#s0002-0004-0004}

The PK data from the cynomolgus monkey was analyzed using a mixed effects approach. Data displaying LLOQ \<0.03 or n \< 3 were excluded from the calculation. The PK parameters, clearance in mL/day (CL), intercompartmental clearance (Q) and volume of the distribution of the central (V1) and peripheral compartment (V2) were allometrically scaled. A body weight of 3.3 kg for monkey and 70 kg for human was used. The formula used for scaling is based on the simple allometric equation: CL = a\*BW\^b, where CL = clearance in mL/day, a = normalization constant, BW = body weight in kg, and b = the scaling exponent. This is an accepted method for scaling the PK of protein therapeutics.[@cit0069] CL and Q were scaled using an exponent of 0.75. This value is consistent with the allometric scaling of endogenous metabolic and flow rates,[@cit0070] and is also consistent with the allometric scaling used for monoclonal IgGs.[@cit0068] Distribution volumes were scaled with an exponent of 1, as protein therapeutics typically distribute to common endogenous fluid volumes (plasma, extracellular fluid). The calculation of the half-life was derived from the scaled values of CL, Q, V1, and V2 using a 2-compartment model. This predicts a half-life in man for Fab-dsFv in the range of 14 -- 17 d.

### Mouse model of human T cell proliferation (Hu-NSG model) {#s0002-0004-0005}

An in vivo model of human T cell proliferation was used to determine the in vivo efficacy and potency of the Fab-dsFv antibody to bind its target antigen and elicit a biological activity. The target antigen is exemplified by a T-cell receptor. A single dose of Fab-dsFv or Fab\'-PEG at 0.03, 0.3, 3 or 30 mg/kg was administered subcutaneously 1 day prior to the transfer of human peripheral blood mononuclear cells (PBMCs) to NOD SCID gamma (NSG) mice. After a predetermined period of 14 days, blood, spleen and peritoneal cavity samples were taken for fluorescence-activated cell sorting (FACS) analysis of the relative number of human CD4^+^ and CD8^+^T cells in these compartments. Proliferation of both CD4^+^ and CD8^+^ T cell numbers was inhibited in a dose-dependent manner with both therapeutic entities compared to the robust proliferation noted in mice receiving vehicle alone ([Fig. 11](#f0011){ref-type="fig"}). When administered at day −1, 3 mg/kg of Fab-dsFv resulted in 96% and 92% inhibition of human CD4^+^ and CD8^+^ proliferation found in the spleen, respectively. Similar levels of inhibition were also found in blood. Administration of 3 mg/kg of Fab\'-PEG resulted in 69% and 71% inhibition of CD4^+^ and CD8^+^ T cells in the spleen, respectively, and 63% and 65% inhibition of CD4^+^ and CD8^+^ T cells in the blood, respectively. These data indicate that, when administered on the day prior to cell transfer, a dose of 3 mg/kg of Fab-dsFv results in complete inhibition of T cell proliferation in the Hu-NSG model, whereas a dose of 30 mg/kg of the Fab\'-PEG was required to confer similar efficacy. Although Fab-dsFv was shown to have similar affinities to the Fab for the target antigen ([Table 1A](#t0001){ref-type="table"}), and comparable serum half-lives with Fab\'-PEG ([Fig. 9](#f0009){ref-type="fig"}), differences in penetration in terms of the hydrodynamic volume[@cit0018] or albumin binding[@cit0071] could be contributing factors. Significant inhibition of T-cell proliferation was also noted when Fab-dsFv was dosed at 0.3 mg/kg (76% and 70% inhibition of CD4^+^ and CD8^+^ T cells in the spleen, respectively, and 83% and 79% inhibition of CD4^+^ and CD8^+^ T cells in the blood, respectively). Similar results were obtained for the peritoneal cavity (data not shown). Data indicates that Fab-dsFv is broadly as efficacious as Fab\'-PEG. Figure 11.Fab-dsFv administered prior to cell transfer dose dependently inhibits CD4^+^ and CD8+ T cell proliferation in the Hu-NSG model. Mice were dosed subcutaneously with 0.03, 0.3, 3 or 30mg/kg Fab-dsFv or Fab-PEG one day prior to transfer of 10 million human PBMCs into the peritoneal cavity. A saline only dose was used as a control. After 14 days, mice were bled by cardiac puncture under terminal anesthesia and then killed by cervical dislocation. The number of human CD4^+^ and CD8^+^ cells in the blood (panels (a) and (b) respectively) and the spleen (panels (c) and (d), respectively) was then determined by FACS analysis. Data (n = 10) is expressed as means ± SEM and statistical analysis is by one way ANOVA with Bonferroni post test.

Discussion {#s0003}
==========

In order to confer sufficient serum half-life to a Fab that it could be considered for therapeutic uses, we designed a small bispecific antibody format known as a Fab-dsFv. We used a high-affinity, cross-species reactive humanized anti-HSA antibody, CA645 that displayed desirable properties, including the ability to support FcRn-mediated recycling via albumin binding, and the ability to bind to albumin without occluding the binding of known drugs.[@cit0023] This antibody\'s binding site was structurally identified as HSA domain II,[@cit0050] and deduced by modeling to bind distinctly from the binding sites of known major drugs and compounds such as warfarin, salicylate and bilirubin[@cit0072] on domain II, hemin[@cit0075] and metal ions[@cit0076] on or near domain I, and FcRn, which binds primarily to domain III[@cit0039] and domain I.[@cit0078]

The Fab-dsFv format consists of the anti-HSA Fv region from CA645 fused to the C-termini of a Fab through 2 flexible linkers. Two linkers rather than one, as commonly observed with fusions with albumin or albumin-binding domains, were used to mitigate the risk of losing the extended serum half-life characteristic should the linker be susceptible to serum proteolysis, i.e., extended serum half-life should be retained even with the loss of one peptide linker. Loss of scFv activity upon proteolytic clipping at the G~4~S linker interconnecting V-regions in vivo has been previously reported.[@cit0051] Extensive studies to engineer protease-resistant peptide linkers, where immunogenicity issues are a concern, were thus avoided through use of this alternative route to ensure serum stability. Furthermore, a G~4~S-rich linker has been used in numerous therapeutic fusions to date, and found not to be immunogenic.[@cit0079] The anti-HSA Fv was further stabilized though a disulfide bond that afforded stability essential to minimize V-region dynamic exchange and the formation of concentration-dependent multimeric forms. It is crucial that the format remains monomeric to prevent crosslinking when blocking cell surface targets in vivo.[@cit0010] Disulfide stabilization also contributed to thermal stability. The Fv disulfide bond critically served as a safeguard, allowing the Fv to remain intact and attached to the Fab if one linker was vulnerable to proteolytic attack in vivo. Surprisingly, inclusion of a second disulfide bond within the anti-HSA Fv provided another positive aspect in terms of increased monomer of specifically, covalently linked Fab-dsFv.

The target antigen affinity and Fab stability were both unaffected by the presence of the C-terminal Fv domain. Fab-dsFv has been shown to retain the desirable binding properties attributed to the parent antibody CA645. It bound HSA with high affinity and demonstrated broad reactivity to albumin from a range of species with similar affinities. This has the advantage of evading the need to generate rodent preclinical models transgenic for HSA and human FcRn, which have both been shown to bind albumin in a species-dependent manner.[@cit0033] Importantly, Fab-dsFv bound albumin at pH 5, a property critical for utilization of the FcRn recycling mechanism.[@cit0083] The format also exhibited behaviors and properties important for biophysical stability, including negligible aggregation upon prolonged storage, making it unlike scFvs and Fab-scFvs, which have the propensity to aggregate.[@cit0085]

In addition, Fab-dsFv was shown to simultaneously bind the target antigen and HSA without occlusion of binding of the other ligand. In the SPR experimental design, the binding responses to the individual ligands and the response to binding where both ligands are injected as a mixed solution was measured. The latter case is an in vitro representation of the environment, where the drug can encounter both soluble ligands simultaneously, and covers all binding scenarios where either both ligands bind simultaneously, or where an affinity-dependent target-mediated response is engaged.

In terms of ligand engagement, Fab-dsFv was shown to bind to both the target antigen and serum albumin simultaneously in vitro and presumed to do so in vivo, as demonstrated by enhanced PK and efficacy in preclinical models, similar to Fab\'-PEG. The molecule shows substantial serum half-life in rodents (2.6 d and 3 d via the respective i.v. and s.c. routes) and non-human primate (7.9 d) comparable to Fab\'-PEG[@cit0087] and therapeutic fusions with albumin-binding peptides, albumin or albumin domain fusions.[@cit0088] Allometric scaling using the PK of cynomolgus monkey and body weight has predicted this molecule to have a plasma half-life of 14 to 17 d in humans. Thus, the extended half-life of Fab-dsFv is likely primarily due to the nM affinity for albumin and the pH insensitivity of albumin binding and intrinsic biophysical stability of the molecule at neutral and acidic pH.

Fab-dsFv expressed well in Chinese hamster ovary (CHO) cells and was purified by standard means, thereby overcoming some of the disadvantages with other albumin fusion and albumin-binding technologies, such as the bispecific F(ab)~2~ by Smith et al.[@cit0043] We have accumulated considerable experience with the Fab-dsFv format, having made numerous variants with different therapeutic Fabs that could be expressed in concentrations in the range of hundreds of mgs/L in mammalian transient expression platforms. All show similar extended serum half-lives profiles as the Fab-dsFv reported here (data not shown). Generation of stable cell lines resulted in \> 2 g/L yields from fed-batch fermentations, and the protein has been purified in a form suitable for human clinical studies (data not shown). The Fab-dsFv format is thus a viable option for clinical use where target and disease biology dictate a need for a monovalent antigen-binding therapeutic with enhanced serum half-life, but the absence of direct FcR engagement.

Materials and methods {#s0004}
=====================

Materials {#s0004-0001}
---------

All materials and reagents were sourced from Life Technologies unless otherwise stated. Purified target antigen, Fab (no hinge) fragments, F(ab\')~2~, IgGs and Fab\'-PEG (conjugated to 40 kDa PEG) against the target antigen or other antigens were prepared in-house.

Antibody discovery and humanization {#s0004-0002}
-----------------------------------

For the Fab of the humanized bispecific Fab-Fv antibody format, antibodies were raised against an immune target in female Sprague Dawley rats using a modified selected lymphocyte antibody method.[@cit0090] The immunization, screening process and humanization of the lead anti-HSA antibody has been described elsewhere.[@cit0023]

Bispecific antibody engineering {#s0004-0003}
-------------------------------

Both heavy and light chain genes of the bispecific molecule were designed *in silico* and chemically synthesized (DNA 2.0 Inc.). Briefly, the DNA sequence of the C-terminus of CH1 domain of the Fab was fused to the VH variable domain of the Fv via a 16 amino-acid long polyglycine/serine linker consisting of S(G~4~S)~3~. Similarly the DNA sequence of the Fab light chain, encoding the C-terminus of the Cκ domain was fused to the DNA sequence of the VL domain of the Fv via a S(G~4~S)~3~linker. A disulfide bond was introduced between the VH and VL domains of the Fv. Cysteines at VH~44~-VL~100~ positions,[@cit0057] according to Kabat numbering, were introduced into the respective VH and VL domains using Quikchange Lightning site-directed PCR mutagenesis (Agilent).

Antibody expression {#s0004-0004}
-------------------

Chemically synthesized antibody genes were sub-cloned into UCB\'s proprietary mammalian expression vectors as single genes for transient expression. All antibody formats were transiently expressed in HEK-293 or CHO-S XE cells[@cit0093] using standard lipid transfection or electroporation methods, respectively. Culture supernatants were harvested by centrifugation and 0.2 μm filter sterilized. Expression titers were measured by Protein G HPLC using a HiTrap Protein G column (GE Healthcare) according to manufacturer\'s recommendations, against a standard curve of a purified Fab.

Protein purification {#s0004-0005}
--------------------

Protein G affinity chromatography was used to purify antibody proteins from culture supernatants. Briefly, supernatants were loaded on a HiTrap Protein G (GE Healthcare) and then washed with PBS pH 7.4. The bound material was eluted with 0.1 M glycine pH 2.7, and neutralized with 2 m Tris-HCl (pH 8.5) prior to buffer exchange into PBS pH 7.4. Samples were fractionated by ion exchange chromatography with salt gradient elution. The fractions collected were neutralized and buffer exchanged into PBS pH 7.4. The eluted protein was quantified by absorbance at 280 nm and stored at 4 °C for further analysis. Monomeric fractions were isolated by size exclusion chromatography using a HiLoad 16/60, Superdex 200 column (GE Healthcare) equilibrated with PBS, pH 7.4. Fractions containing monomeric protein were pooled, quantified, concentrated and stored at 4°C.

### Sodium dodecyl sulfate-polyacrylamide gel electrophoresis {#s0004-0005-0001}

Samples were prepared by the addition of 4 x Novex NuPAGE LDS sample buffer and either 10X NuPAGE sample reducing agent or 100 mM N-ethylmaleimide (Sigma-Aldrich), and were heated to 100°C for 3 min. Prepared samples containing 3 µg (for 15- well gels) or 5 µg of purified protein (for 10-well gels) were loaded onto a 15 well Novex 4-20% Tris-glycine SDS-polyacrylamide gel and separated at a constant voltage of 125 V for 110 min in Tris-glycine SDS running buffer. Novex Mark12 wide-range protein standards were used as standards. The gel was stained with Coomassie brilliant blue (Sigma-Aldrich) in 10% methanol, 7.5% acetic acid for 1 h and destained with several changes of distilled water.

Size exclusion HPLC {#s0004-0006}
-------------------

Purified proteins were analyzed by Superdex 200 or TSK G3000 depending on resolution required. For Superdex 200 SE HPLC, samples (∼20 µg) were loaded on to a Superdex 200 10/300 GL Tricorn column (GE Healthcare) and eluted with an isocratic gradient of PBS pH 7.1 at 1 mL/min. Continuous detection was by absorbance at 280 nm. For G3000 SE HPLC, purified protein samples (∼20 µg) were loaded on to a TSKgel G3000SW, 10 µm, 7.5 mm ID x 300 mm column (Tosoh) and developed with an isocratic gradient of 0.2 M phosphate pH 7 at 1 mL/min. Continuous detection was by absorbance at 280 nm. Gel filtration standards (Biorad) were also loaded for MW estimation.

Mass spectrometry {#s0004-0007}
-----------------

Highly purified monomeric Fab-dsFv (10.5 mg/ml) in PBS (pH 7.4) was diluted to 0.7 mg/mL in H~2~O then sub-diluted to ∼50 µg/mL in solvent A (2% methanol, 0.3% formic acid in H~2~O). The diluted sample (4 µL) was loaded onto a 75 µm (diameter) x 50 mm (length) column of PLRP-S 5µ reverse-phase matrix (Polymer Labs) equilibrated with 96% solvent A / 4% solvent B (25% acetonitrile, 75% propan-1-ol, 0.1% formic acid) operated at 400 nL/min. Protein was eluted from the column with a linear gradient of 4-80% solvent B via a nanospray interface into a Waters Qtof Type I mass spectrometer (Waters, USA). TofMS spectra were collected in positive-ion mode over the range 500-2600 m/z during elution. Data was analyzed using MassLynx software and spectra were de-convoluted using the MaxEnt algorithm (Waters, USA).

Surface plasmon resonance/dual affinity assay {#s0004-0008}
---------------------------------------------

The binding affinities and kinetic parameters for the interactions of antibodies were determined by SPR conducted on a Biacore T100 or a Biacore 3000 using CM5 sensor chips (GE Healthcare Bio-Sciences AB) and HBS-EP (10 mM HEPES (pH7.4), 150 mM NaCl, 3 mM EDTA, 0.05% v/v surfactant P20) running buffer. All experiments were performed at 25°C. The antibody samples were captured to the sensor chip surface using a human F(ab\')~2~-specific goat Fab (Jackson ImmunoResearch). Covalent immobilization of the capture antibody was achieved by standard amine coupling chemistry to a level of 6000-7000 response units (RU).

Human albumin, ChromPure (Jackson ImmunoResearch), cynomolgus albumin (Abcam), and murine albumin (Sigma-Aldrich), were titrated over the captured antibody from 50 nM. Each assay cycle consisted of firstly capturing the antibody sample using a 1 min injection, before an association phase consisting of a 3 min injection of the target antigen or albumin, after which dissociation was monitored for 10 min for albumin and 30 min for target antigen. After each cycle, the capture surface was regenerated with 2 × 1 min injections of 40 mM HCl followed by 30 s of 5 mM NaOH. The flow rates used were 10 μl/min for capture, 30 μl/min for association and dissociation phases, and 10 μl/min for regeneration.

The potential for the bispecific antibody to bind simultaneously to both HSA and the target antigen was assessed by capturing the antibody to the sensor chip surface, before performing either separate 3 min injections of 5 µM HSA: 50 nM target antigen or a mixed solution of both 5 µM HSA and 50 nM target antigen.

For kinetic assays, a blank flow-cell was used for reference subtraction and buffer-blank injections were included to subtract instrument noise and drift.

Kinetic parameters were determined by simultaneous global-fitting of the resulting sensorgrams to a standard 1:1 binding model using Biacore T200 evaluation software v1.

Antibody biophysical characterization {#s0004-0009}
-------------------------------------

### (i) Thermal Stability {#s0004-0009-0001}

A thermofluor assay was used to monitor the thermal stability of purified proteins. The reaction mix contained 5 µl of 30x SYPRO® Orange dye diluted with water from 5000 x stock solution and 45 µl of the purified protein sample at 0.11 mg/mL in PBS pH 7.4. Aliquots (10 µl) of the mixture were dispensed in quadruplicate into a 384 PCR optical well plate and were run on a 7900HT Fast Real-Time PCR System (Agilent). The peltier-based thermal cycling system was set at 20°C to 99°C with a ramp rate of 1.1°C/min. A charge-coupled device (CCD) monitored the fluorescence changes in the wells. The intensity increases in fluorescence were plotted and the inflection point of the slope(s) was used to generate the thermostability transition midpoint (T~m~). pH stability was studied using citrate/phosphate buffers ranging from pH 2.6 to pH 7.6 in 0.2 pH unit increments (ionic strength was equalized by the addition of NaCl). A volume of 1 µl of a 5 mg/mL protein solution was added to 44 µl of buffer, following a 1 hour incubation period SYPRO® Orange dye was added to the mixture as described above.

### (ii) Isoelectric point {#s0004-0009-0002}

The pI of both non-reduced, and reduced and capped purified antibody was determined using capillary isoelectric focusing (iCE280). Purified antibody at 2 mg/mL was mixed with 0.35% methylcellulose, 4% pH 3 to 10 pharmalytes (GE Healthcare) and synthetic pI markers (pI 4.65 and 9.77, Protein Simple) and separated by iCE280 isoelectric focusing (pre-focusing at 1,500 V for 1 min followed by focusing at 3,000 V for 6 min and measured at an absorbance of 280 nm). Reduced and alkylated samples were prepared by adding a final concentration of 2 mM Tris(3-hydroxypropyl)phosphine (THPP; Sigma Aldrich) to 2 mg/mL antibody and incubated at room temperature for 30 minutes. A final concentration of 20 mM iodoacetamide (Sigma-Aldrich) was added and samples were reincubated at room temperature in the dark for 90 minutes. The samples were then mixed with 0.35% methylcellulose, 4% pH 3-10 Pharmalytes (GE Healthcare) and synthetic pI markers (4.65 and 9.77) and separated as described above. Calibrated electropherograms were exported and analyzed using Empower 2 (Waters).

### (iv) Shaking aggregation assay {#s0004-0009-0003}

Purified antibodies were subjected to vortex stress to provide information on aggregation stability at an air-liquid interface. This served to mimic shear that the molecule would potentially be subjected to during manufacture. Aggregation stability was monitored by measuring the turbidity of the sample at 595 nm with time. A 250 µl aliquot of the antibody at 1 mg/mL (in PBS, pH 7.4) concentration was transferred to 1.5 mL conical capped plastic tubes in triplicate, and vortexed at 1400 rpm, at 25°C in an Eppendorf Thermomixer Comfort. The extent of aggregation (turbidity) was measured at 0, 1.5, 3, 24, 48 and 120 h by reading the absorbance at 595 nm using a Varian Cary 50 Bio-spectrophotometer. Mean and standard deviation of the absorbance was obtained for each sample and plotted against time (h). SDS-PAGE analysis (as described previously) on a volume equivalent to a ∼2 µg load of protein was also performed at various time points.

Mouse pharmacokinetics {#s0004-0010}
----------------------

Six male BALB/c mice weighing 25-30 g were injected subcutaneously or intravenously with a single dose of the antibody at 10 mg/kg bodyweight. Serial blood samples (35 µl) were collected from the tail vein at 0.25, 1, 8, 24, 48, 72, 96 and 167 h post-dose. To obtain sera, blood samples were centrifuged for 5 min at 10,000 rpm at room temperature and analyzed for the antibody concentration by ELISA. An antibody against the target antigen and an anti-human kappa-horseradish peroxidase conjugate (Stratech) were used as the capture and secondary antibody, respectively. A purified sample of the target antigen was used as the standard. Plates were developed using TMB peroxidase solution (Sigma-Aldrich) and read at 450 nm (reference at 630 nm). PK parameters were calculated from the final dataset using Phoenix WinNonlin 6.2 (Pharsight).

Cynomolgus monkey pharmacokinetics model {#s0004-0011}
----------------------------------------

This study was carried out by Charles River Laboratories, Edinburgh. Six male and 6 female cynomolgus monkeys were allocated to 3 treatment groups (2 per sex per group) to receive 1 i.v. dose of Fab-dsFv at 0.3, 3 or 30 mg/kg. Blood samples were taken from all monkeys at the following time points: pre-dose, 5 min, 1 h, 6 h, 12 h, 24 h, 48 h, 72 h, 96 h, 7 days, 14 days, 21 days, 28 days, 35 days, 42 days, 49 d and 56 d post dosing. Serum samples were analyzed for Fab-dsFv concentration by an immunoassay using a MSD SULFO-TAG™ (Meso Scale Discovery, USA) developed in-house. PK parameters were calculated from the final data set using Phoenix WinNonlin 6.2 (Pharsight). Data displaying LLOQ \<0.03 or where n \< 3 was not used in PK calculations.

Analysis of serum concentrations of in vivo administered antibody by Meso-Scale Discovery immunoassay {#s0004-0012}
-----------------------------------------------------------------------------------------------------

An immunoassay using a MSD SULFO-TAG™ (Meso Scale Discovery, USA) was specifically developed in-house to detect minute quantities of antibody drug present in serum samples. Serum samples were incubated with a biotin-labeled conjugate of the target antigen for 1 h prior to capture of the resulting complex on a streptavidin-coated MSD gold 96-well plate (Meso Scale Discovery, USA). The plate was washed with 3 cycles of PBS/0.1% tween 20 to remove unbound conjugate. An anti-human kappa antibody (Stratech) conjugated to MSD SULFO-TAG™ (Meso Scale Discovery, USA) was used to detect bound antibody drug in a further 0.5 h incubation. Following a 3 cycle wash with PBS/0.1% tween 20, MSD read buffer was added to the plate prior to its reading on an MSD sector imager 6000 (Meso Scale Discovery, USA). Fab-dsFv concentrations were calculated using the electrochemiluminescent signal as a proportional value to the amount of bound antibody.

Allometric scaling {#s0004-0013}
------------------

The calculation of the predicted half-life in humans was derived from PK data from the cynomolgus monkey where the scaled values of CL in mL/day, intercompartmental clearance (Q), volume of the distribution of the central (V1) and peripheral compartment (V2) were calculated using a 2 compartment model. Data displaying LLOQ \<0.03 or where n \< 3 was not used in the calculation. The formula used for scaling was CL = a\*BW\^b, a = normalization constant, BW = body weight in kg, and b = the scaling exponent. CL and intercompartmental clearance (Q) were scaled using an exponent of 0.75. Distribution volumes were scaled with an exponent of 1. The PK parameters (CL, Q V1 and V2) were calculated by a non-linear mixed effects approach (NONMEM v7, ICON).

Mouse model of human T cell proliferation (Hu-NSG model) {#s0004-0014}
--------------------------------------------------------

NSG mice were purchased from Charles River Laboratories (UK) and housed in pathogen-free conditions under a 12h light, 12h dark cycle and provided with food and water ad libitum. Animal experiments were performed in accordance with the UK Animals (Scientific Procedures) Act 1986. Human peripheral blood was obtained by venipuncture from consenting healthy blood donors. PBMCs were isolated by the Ficoll-Paque PLUS (GE Healthcare Bio-Sciences AB) density centrifugation gradient method. Mice were dosed s.c with 0.03, 0.3, 3 or 30 mg/kg of Fab-dsFv one day prior to transfer of 10 million human PBMCs into the peritoneal cavity. After 14 d mice were bled by cardiac puncture under terminal anesthesia and then killed by cervical dislocation. The number of human CD4^+^ and CD8^+^ cells in the spleen and blood was then determined by FACS analysis. Data (n = 10) is expressed as means + SEM and statistical analysis is by one way ANOVA with Bonferrroni post-test.
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[^1]: Present address: Lonza Biologics PLC, Slough, Berkshire, UK

[^2]: Present address: Inventiv Health Clinical UK Ltd., Maidenhead, Berkshire, UK

[^3]: s.d values could not be calculated due to the specification limits (\<10 ^−5^) of the Biacore T200 software.

[^4]: HSA, human serum albumin; ^2^MSA, mouse serum albumin; ^3^CSA, cynomolgus monkey serum albumin.

[^5]: The theoretical mass of light and heavy chains, and the resulting mass of the intact molecule as calculated from the amino acid sequence of Fab-dsFv using the ExPASy Compute pI/Mw tool [http://web.expasy.org/compute_pi/.](http://web.expasy.org/compute_pi/)

[^6]: The expected mass as calculated with respect to the number of H^+^ derived from the disulfide bonding pattern of Fab-dsFv.
